Our research in spatial-phase-locked electron-beam lithography (SPLEBL) is aimed at reducing pattern-placement errors in electron-beam-lithography systems to the 1 nm level. Such high precision is essential for a variety of future lithographic applications. SPLEBL is currently the only approach capable of achieving such accuracy. As shown in Figure 1 , SPLEBL uses a periodic signal, derived from the interaction of the scanning e-beam with a fiducial grid on the substrate, to continuously track the position of the beam while patterns are being written. Any deviation of the beam from its intended location on the substrate is sensed, and corrections are fed back to the beam-control electronics to cancel errors in the beam's position. In this manner, the locations of patterns are directly registered to the fiducial grid on the substrate. 
Figure 1: Schematic of the global-fiducial-grid mode of spatial-phase-locked electron-beam lithography. The periodic signal detected from the fiducial grid, which includes both X and Y components, is used to measure placement error, and a correction signal is fed back to the beam deflection system.
SPLEBL in its continuous-feedback mode has been implemented on a Raith150 scanning ebeam lithography system (an inexpensive system that provides sub-20-nm patterning resolution).
In this implementation, a thin (<10 nm) metallic fiducial grid is placed on top of the e-beam resist. During exposure, a periodically varying secondary-electron (SE) signal is produced as a result of the interaction between the electron beam and the metal reference grid. Its limited thickness makes the grid layer essentially transparent to the primary electron-beam. The beam position is determined in real time by a detection algorithm based on Fourier technique. This implementation allowed the beam position to be constantly monitored and corrected during exposure.
Experimental results shown in Fig. 2 indicate that 1-nm-level placement accuracy is achievable with this technology. Besides the fiducial grid and the beam-position-detection algorithm, SPLEBL requires a partialbeam blanker to modulate the beam current in real time so that normal exposure and continuous feedback can be achieved simultaneously. This is because the beam blanker in a conventional SEBL system provides only two states to the beam, fully-on or fully-off, and beam-position tracking is interrupted when the beam is fully-off. As a result, accurate beam-position locking is impossible for very sparse patterns, e.g. the beam is off most of the time. To resolve this problem, we have investigated several dose-modulation schemes. Figure 3 shows a scheme that can modulate the beam current by altering the beam shape with an electrostatic quadrupole lens. By combining the quadrupole lens with an existing focusing element, e.g. the zoom lens, and a properly located aperture, one should be able to obtain the required current modulation. With its strong focusing ability, the quadrupole lens can be operated at a low excitation voltage, which makes it suitable for extremely fast SEBL tools. Furthermore, it does not introduce beam shift during beam blanking, as some of the other schemes do.
A non-perturbative, economical, and user-friendly fabrication process for the reference grid is essential to making SPLEBL suitable for general use. Results shown in Fig. 2 were achieved by using an 8-nm thick, 250-nm-period Al fiducial grid. It was fabricated through a process that is too complex for general use. A much simplified grid-fabrication process based on interference lithography (IL) has been developed, as shown in Fig. 4 . After spin-coating the e-beam resist (e.g. PMMA), 10 nm of SiO 2 and 7 nm of Cu are evaporated onto the sample. The SiO 2 layer is necessary to reduce the stress in the Cu film. To reduce the effect of the vertical standing waves (illustrated in Fig. 5 ), the photoresist layer is kept very thin, and a 'phase-shifting' layer (PSL) of 20-nm hydrogen silsesquioxane (HSQ) is added between the photoresist and Cu. The high reflectivity of Cu at the IL exposure wavelength (325 nm) actually works towards our advantage in the sense that it eliminates the effects of underlying layers on IL exposure. During resist development, the pattern is directly transferred into HSQ. Figure 6 shows the resulting grid. Areas covered by HSQ appear darker than surronding areas. SEM images shown in Fig. 7 indicate that the grid does not have deleterious effects on the exposure.
To further enhance the signal contrast of the grid, several new materials, including single-wall carbon nanotubes (SWCNT) and fullerenes (C 60 ), are currently under investigation for their high SE yields. Figure 8 shows a 70 nm thick evaporated C 60 film on a Si substrate. The SE yield of a C60 film increases with the film thickness, and reaches its maximum at around 70 nm. The SE yield of the 70nm C60 film is more than twice that of the 7 nm Cu film. SWCNT's show even higher SE yield, but they are difficult to form into uniform thin films because they tend to bundle together. Attempts have been made to mix SWCNT with various polymers for spin-coating, but it worked well only for very low concentrations of SWCNT. 
